Prokaryotic ubiquitin-like protein (Pup) is a posttranslational modifier that targets proteins for degradation by the mycobacterial proteasome. We show that the disordered amino terminus of Pup is required for degradation, while the helical carboxyl terminus mediates its attachment to proteins. Thus, Pup has distinct regions that either interact with pupylation enzymes or initiate proteasomal degradation.
porting the hypothesis that Pup is required for targeting proteins to the proteasome. Because the N-terminal half of Pup is disordered, which is an uncommon characteristic of prokaryotic proteins, we hypothesized that this portion of Pup provides a signal to initiate degradation by the bacterial proteasome.
To test this hypothesis, we constructed a linear fusion of Pup to a protein that is not a robust proteasome substrate. Linear fusions of Ub have provided powerful tools for studying the Ub-proteasome system in eukaryotes (16) . We cloned pup upstream of zur (zinc uptake regulator; Rv2359), with a his 6 sequence at the 3Ј end of zur in vector pSYMP ( Fig. 1 ; see also Table S1 in the supplemental material). Zur is a transcriptional regulator that was studied in our lab, but it was not a robust proteasome substrate in either Mycobacterium tuberculosis or Mycobacterium smegmatis ( Fig. 1A ; see also Table S1 in the supplemental material). Pup-Zur-His 6 was barely detectable in wild-type M. tuberculosis H37Rv but dramatically accumulated protein in the mpa mutant (Fig. 1, left) . Pup-Zur-His 6 also accumulated in the M. smegmatis proteasome-deleted (⌬prcBA) strain (Fig. 1B) . These observations suggest that Pup targeted Zur-His 6 to the M. tuberculosis proteasome in an Mpa-dependent manner. Pup-Zur-His 6 was less detectable in the M. tuberculosis pafA (Pup ligase) mutant than in the wildtype strain (Fig. 1B) ; we originally anticipated that the steadystate levels of the fusion protein would be similar between wild-type and pafA strains; however, it is possible that the fusion protein was more efficiently degraded in the pafA mutant because there were no other pupylated proteins in the bacterium to compete for access to the proteasome. Importantly, our data show that PafA is itself not directly required for proteolysis. Taken together, the fusion of Pup to Zur resulted in the synthesis of a recombinant protein dependent on the proteasome for turnover.
We next tested the hypothesis that the N-terminal disordered half of Pup is required for degradation. We deleted nucleotides 4 to 90 to create "pup91-zur-his 6 " in the same plasmid used to examine full-length Pup-Zur-His 6 (see Table  S1 in the supplemental material). Unlike full-length Pup, the N-terminal truncated Pup-Zur fusion protein had the same steady-state levels in wild-type and degradation-defective M. tuberculosis and similar steady-state levels in wild-type and proteasome-deleted M. smegmatis (Fig. 1C) . These results show a robust difference in the stability of full-length Pup-Zur-His 6 compared to that of Pup91-Zur-His 6 in wild-type M. tuberculosis and M. smegmatis. We also made a plasmid with only the first 30 amino acids of Pup fused to the N terminus of Zur-His 6 ("pup-nterm-zur-his6"). The first 30 residues of Pup were not sufficient to target the recombinant protein to the proteasome (Fig. 1C) . Thus, each half of Pup is necessary but not sufficient to target a protein to the mycobacterial proteasome.
NMR analysis determined that Mpa interacts with the Cterminal half of Pup but not with the disordered N terminus (4, 14, 19) . In addition to providing an unstructured degron for proteasome substrates, we hypothesized that the N terminus of Pup interacts with enzymes of the pupylation pathway. To test this, we deleted nucleotides 4 to 90 from a strong expression plasmid used to purify the pupylome of M. tuberculosis, pUV15-his 6 -pup (see Table S1 in the supplemental material) (9) . pUV15-his 6 -pup results in the synthesis of His 6 -Pup, which pupylates proteins in either M. tuberculosis or M. smegmatis. We purified the pupylome using either full-length His 6 -Pup or His 6 -Pup91 from wild-type M. smegmatis. To our surprise, the truncated Pup, consisting of only the C-terminal 34 amino acids, resulted in the modification of proteins ( Fig. 2A and B) .
The entire pupylome appeared to shift to a lower molecular weight. We examined the pupylation pattern of a known proteasome substrate, Ino1 (inositol-1-phosphate synthase) (9) . Using antibodies to Ino1, we observed the following two species of Ino1 in each purified pupylome sample: unpupylated Ino1 and either PupϳIno1 or Pup91ϳIno1 (Fig. 2C) . Ino1 forms tetramers (15), but not all monomers within a tetramer are necessarily pupylated; unpupylated Ino1 copurifies with pupylated Ino1 (K. E. Burns and K. H. Darwin, unpublished observations). Ino1 was robustly modified by either Pup or Pup91, demonstrating that the N-terminal disordered region is not required for pupylation.
Our data suggest that the truncated Pup91 can modify proteins (Fig. 2) ; however, based on the Pup-Zur-His 6 linear fusion experiments, it cannot target them for proteasomal degradation (Fig. 1) . We reasoned that strong overproduction of Pup91 in mycobacteria would compete with wild-type Pup to modify degradation substrates like Ino1, ultimately resulting in reduced proteolysis of the substrate. To test this, we examined endogenous Ino1 steady-state levels in lysates containing pUV15ϩ (vector control), pUV15-His 6 -pup, or pUV15-His 6 -pup91 using antibodies to Ino1. pUV15ϩ encodes one of the strongest known mycobacterial promoters (8) . We detected endogenous Ino1 in all samples; however, there was less Ino1 in wild-type M. smegmatis overproducing full-length His 6 -Pup Dihydrolipoamide acyltransferase (DlaT) is the loading control. Mutants are described elsewhere (1, 6) . All cultures were processed as described elsewhere (7) . For immunoblot analysis, cell lysates were separated by 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed with monoclonal antibodies to His 5 (Qiagen) or polyclonal antibodies to DlaT (a gift from R. Bryk and C. Nathan). than in all other samples (Fig. 3, second lane) ; this suggested that overproduction of His 6 -Pup could increase the degradation of endogenous Ino1 in wild-type M. smegmatis. In contrast, overproduction of His 6 -Pup91 resulted in a similar accumulation of Pup91-Ino1 in both wild-type and proteasome-deleted M. smegmatis (Fig. 3) ; this supports the hypothesis that the N-terminal half of Pup is not needed for pupylation but is required for proteasome-dependent degradation.
Interestingly, although unpupylated Ino1 accumulated in the ⌬prcBA strain as expected, full-length Pup-Ino1 did not (Fig. 3 , compare lanes 2 and 5). We speculate that this is due to a possible feedback inhibitory mechanism by which pupylation is inhibited in the ⌬prcBA strain. This may be unlikely, as the truncated Pup91 efficiently pupylates substrates in the ⌬prcBA mutant (Fig. 3C, last lane) and the pupylome can be purified from the ⌬prcBA mutant (Burns and Darwin, unpublished observations). Another hypothesis is that the absence of proteasome function results in the increased "depupylation" of Ino1. Nonetheless, our data show that the removal of the N-terminal half of Pup prevents proteasomal degradation of Ino1 and most likely other substrates.
In this study, we tested the model that the N-terminal half of Pup is critical to promote the degradation of a protein. Both linear fusions in mycobacterium mutants and overproduction of Pup lacking its N-terminal region strongly support this hypothesis. We found that the C-terminal half of Pup, in addition to the proteasomal ATPase Mpa, is required to interact with pupylation enzymes (4, 14, 17, 19) . Taken together, we propose a model where (i) the C-terminal half of Pup interacts with enzymes to facilitate pupylation, (ii) the same region interacts with Mpa to target the protein to the proteasome, and (iii) the N-terminal half of Pup initiates degradation by the proteasome. It is important to point out that although it is likely that Pup is itself degraded when translationally fused to a protein like Zur, we do not know if Pup is degraded when conjugated by an isopeptide bond to a substrate. Thus, future work will determine if Pup can be removed and recycled like ubiquitin in eukaryotes (10) .
